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ABSTRACT

We have successfully fabricated intersubband GaAs/AlGaAs quantum well infrared photodetectors grown on GaAs-on-Si
substrate and evaluated their structural, electrical, and optical characteristics. We have found that the performance is
comparable to a similar detector structure grown on a semi-insulating GaAs substrate. The results are promising for
applications in the important 8-12 um atmospheric window.
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1. INTRODUCTION

Infrared (IR) photodetection by intersubband absorption using GaAs/AlGaAs quantum wells (QWSs) has recently become
the subject of extensive investigation [1]. The bound-to-extended state detector concept uses quantum wells with a single
bound electron state. Absorption of infrared radiation causes electrons in the bound state to be excited into the extended state,
thereby producing a photocurrent. The detector response can be maximized in the range 8-12 um range by changing the
quantum well and the barrier composition. These quantum well detectors have a number of potential advantages with respect
to HgCdTe detectors including compatibility with the relatively mature GaAs processing technology, the possibility of
monolithic integration with GaAs electronics and the potential to make uniform large area focal plane arrays [2].

GaAs-on-Si technology has promising advantages over GaAs bulk IC’s such as higher thermal conductivity, possible
expansion of wafer-size, and larger mechanical hardness of substrates. Not only discrete optoelectronic devices but also
integrated circuits with satisfactory performance have been successfully fabricated on GaAs-on-Si wafers [3-5]. The growth of
quantum well infrared photodetectors (QWIPs) directly on GaAs-on-Si substrates could provide further advantages due to
interest in combining Si integrated circuits and GaAs circuits in the same monolithic structure. In such structure, high
performance of QWIP can be achieved through the direct integration of Si CMOS signal processing circuits. However, there
are some difficulties in epitaxial of GaAs-on-Si: (1) the large lattice mismatch (4%) between GaAs and Si substrate, (2)
heteroepitaxial of a polar GaAs layer on nonpolar Si substrates, (3) the differential thermal mismatch between GaAs and Si
during cooling from the growth temperature to room temperature. Thus, stresses and high density of dislocation (mismatch
dislocation, APD) arise between epitaxial films and the Si substrates. These stresses and dislocations can have important
influence on the physical properties of the films and the device performances grown on top of them.  Therefore,
understanding material and device properties of the GaAs/AlGaAs MQW photodetectors on GaAs-on-8i will be the key issue
to develop a reliable technology for QWIP on GaAs-on-Si.

2. EXPERIMENTAL DETAILS

The growth of III-V compound semiconducting epitaxial layers on GaAs-on-Si substrates is now considered to be an
important technology. Since there is a relatively large lattice mismatch (4.1%) between GaAs and Silicon, the
heterostructure material exhibits a high dislocation density at the hetero interface. The typical defect density is 10° ~
10° cm™ near the surface of a 3 um thick epilayer grown using conventional growth conditions. To reduce the defect density,
various methods such as low temperature growth initiation (Akiyama, et. al., 1984), use of tilted Si substrates (Mett, et. al.,
1985), and strained layer superlattice buffer layers (Soga, et. al., 1985) have been studied. Most recently, a thermally
strained GaAs (TSL) has been used as a buffer layer in MBE growth of GaAs layers on Si substrates (Lee, 1986). To grow




such a buffer layer, the substrate temperature was cycled 4 to 5 times over 200°C within a short ?eriod of 3 to 5 minutes.
The as-grown GaAs layers were extremely smooth with a defect density of less than 10° ~ 10° cm™. In this work, the TSL
technique was used to prepare low defect density GaAs buffer layers on Si substrates. An atmospheric MOCVD system was
used to grow GaAs-on-Si substrate. The reactor employs vertical geometry with rf induction heating. The 3 inch Silicon
substrates used in this investigation were p-type, oriented two degrees off the (100) axis, with a resistivity of 10-60 Q cm.
The Silicon substrate was first degreased in hot trichloroethane, acetone, and isopropyl alcohol, followed by a deionized (DI)
water rinse. Next, the substrates were dipped in a 10:1 DI/HF solution, followed by a rinse in DI water, and then blown dry
with warm nitrogen. The wafers were immediately loaded into the reactor and first baked at 900°C in arsine/hydrogen
(hydrogen = 10 LPM; arsine = 400 CCM) for 10 minutes (step A). The growth procedure is shown schematically in Fig. 1.

1000
800 ©
< \
t T t H, |ASH; | TmG
= 600 c) | ™) Jopmlcem| (CCM)
’—
= 900 | 10 | 10 | 400 | ©
W 400}
o B.]s00| 5 | 20 | 180 | 100
= 670 |100 | 20 | 180 | 100
200
L [ | | | | | |
0 20 40 60 80 100 120 140 160

TIME (MIN)
Fig. 1. Typical GaAds on Silicon Growth Sequence

The temperature was then set to 500°C and flow rates were changed for proper growth conditions (step B) (i.e., hydrogen
=20 LPM; arsine = 180 CCM). Trimethyl gallium was introduced (100 S CCM) for a 5 minute growth period with a V/III
ratio being 6.9. The temperature was then raised to 670°C for 100 minutes, providing the remainder of the GaAs growth
(step C) with a V/III ratio of 1.5. The subsequent growth rate was 5 um per hour. The resulting GaAs-on-Si material was p-
type with carrier concentration in the middle 10" em™ range. The MQW detectors in the present study were designed to have
a strong bound-to-extended electronic transition with a peak absorption located near a wavelength of 9.5 um. Each detector
consisted of 50 40-angstrom wide GaAs quantum wells separated by 300-angstrom wide AlosGaossAs barriers. The center
20-angstrom region of each well was doped n-type to a concentration of Np = 3.3 x 10" cm” and the outer 10-angstrom of
each well was undoped to maintain higher purity at the GaAs/AlGaAs heterojunction. The cladding layer outside of the
MQW structure consisted of 1.0 pm thick n” layers of GaAs doped Np = 1.0 x 10'° cm™. The cladding layer formed either
the cathode or anode region of the detector, depending on the polarity of the bias applied to the device. Between the bottom
cladding layer and the substrate was a 0.5 pum thick undoped GaAs buffer layer that helped to prevent defects in the Si
substrate from propagating up into MQW region. All of the epitaxial layers were grown by solid source molecular beam
epitaxy (MBE) at a substrate temperature of 690°C, and the n-type dopant was atomic silicon. To ascertain the effects of
using a Si substrate with the MOCVD grown GaAs buffer (QWIP on GaAs-on-Si), the same MQW structure was also grown
directly on a semi-insulating GaAs substrate (QWIP on GaAs).

The material quality and optical properties of the QWIP on GaAs and QWIP on GaAs-on-Si samples were investigated
using cross-sectional TEM, PL and infrared absorption measurements. TEM was performed with a 120 kV Phillips CM12
microscope. In the PL measurements, the MQW samples were cooled to 77°K and excited with the 632.8 nm line of a HeNe
laser. Their luminescence was analyzed by a 0.5 m SPEX monochromator and detected with a liquid nitrogen cooled Ge
detector. The intersubband absorption spectrum was measured at room temperature using a DA3 Bomem FTIR
spectrophotometer. The MQW samples were polished into multipass waveguides and sandwiched between two infrared-
transmitting KRS-5 slabs. IR measurements were done using a glowbar source and a KBr beam splitter. Detection of the
infrared beams was achieved using a 77°K photoconductive HgCdTe (MCT) detector.

Quantum well infrared photodetectors were fabricated from QWIP on GaAs and QWIP on GaAs-on-Si samples into 200
um circular mesas by etching through the upper contact layer and the multiple quantum well structure down to the bottom
contact layer. Ohmic contacts to the n-doped contact layers were subsequently formed by evaporating and alloying




AuGe/Ni/Au metallization. All dark current, spectral response and absolute responsivity measurements on these QWIPs were
performed with the detectors mounted on a stage which is in thermal contact with the cold end of a continuous flow helium
cryostat. The cryostat has an infrared transmitting KRS-5 window which gives the detectors a 27 sr field of view to a 300 K
background. In order to set the detectors to the desired operating temperature, a small electrical heating coil was attached to
the cold end of the continuous flow helium cryostat, which allows the temperature to be varied from 20 to 350°K with a
stability of 0.05°C. The dark current (I-V) characteristics of the QWIPs were measured with a HP4145 semiconductor
parameter analyzer at various sample temperatures.

The photocurrent and the optical power were measured in order to calculate the absolute response of the QWIP. The
photocurrent, I,, is obtained for various bias voltages and blackbody apertures. The optical power is determined by
integrating the spectral response, S,, with the blackbody irradiance, W(A,T). From the two, the absolute response, R, is
calculated as

1
Rp = 2 - 12
a um
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where A is the QWIP active area, T is the transmission through the KRS-5 window, 0 is angle of incident radiation (45°), d
is the distance between the blackbody and QWIP, MF is the modulation factor of the blackbody, and a is the aperture radius.
The unity gain quantum efficiency, calculated from the absolute response, is given by

e
A\ q

where R, is the peak absolute response and A, is the peak wavelength in the normalized spectral response.
3. THEORETICAL MODELING

The potential profile for a single period of an as-grown multiple-quantum-well structure is considered to be close to the
ideal finite square well. One period of the potential profile V(z) of the actual as-grown AlGaAs/GaAs QWIP and the energies
of the lowest three subbands are shown to the scale in Fig. 2(a). From Fermi’s Golden Rule, we can derive the intersubband
absorption coefficient spectrum of the MQWs structure using the momentum matrix element
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where e is the magnitude of the electronic charge, n; is the refractive index of the material, ¢ is the free-space speed of light,
€, is the free-space permittivity, m, is the static electron mass, and hv is the energy of a photon. E.q is the energy
eigenvalue of a state with wave vector q in the nth subband of a periodic structure, and N, is the volume density of
electrons in the state Eqq. I is the linewidth of the phenomenological linewidth to account for scattering broadening. The
momentum matrix element for z-polarized light is given by
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where £, (z) is the wave function of the state E,, and m.*(2) is the electron effective mass. The energy ei'gen values and wave
functions are found by solving the one-dimensional Schrodinger’s equation for the above periodic potential profile V(z),
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Fig. 2. One period of the MOQW structure with its associated
energy eigen values for the first four subbands for
the as-grown QWIP.

For as-grown AlGaAs/GaAs QWIP to operate in the window of 8-12 pm and have peak response at about 10 pum, the
above calculation shows that a quantum well width of 40A and a barrier width of 300A can be used, as shown in Fig. 3(a).
The actual devices were fabricated exactly to the above design parameters. As we can see from Fig. 3(b), for both QWIP on
GaAs or Si substrate the absorption coefficient spectra are in excellent agreement with the theoretical calculation concerning
the peak absorption wavelength and general shape.
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Fig. 3. Calculated and measured absorption
characteristics (a) Calculated bound-to-
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4. RESULTS AND DISCUSSION
(A) MATERIAL PROPERTIES

To characterize the QW detector structure on GaAs-on-Si substrate, both TEM and X-ray diffraction techniques were
used. Since there is a 4% lattice mismatch between the Si substrate and the GaAs epitaxial layer, misfit dislocations form
along the interface. Due to the islanded growth of GaAs [6] crystalline defects such as threading dislocations and stacking
faults are formed. These defects propagate into the epilayer with subsequent growth and can sometimes annihilate each other
or get bent away from the active region of the device resulting in lower defect densities in the upper region of the epilayer as
shown in Fig. 4. The dislocation density is significantly lower in the as-grown QWIP’s active region than at the interface
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Fig. 4. Cross-sectional bright field TEM of an as-grown QWIP on GaAs-on-Si
substrate. A lesser quantity of defects is observed in the MOW region.




as indicated in the micrograph in Fig. 7. Figure 5 shows the high resolution lattice imaging of the GaAs/AlGaAs interface
with the measured well thickness ~45.2 A°. Also shown in Fig. 6 is the bright-field cross-sectional/TEM image illustrating
the interaction between GaAs/AlGaAs superlattices and threading dislocations. Upward propagation of threading dislocation
through the growing QW/barrier layers affects the morphology as evidenced in Fig. 6. A single threading dislocation is seen
causing the wells to bend around it during growth, perhaps due to a dislocation enhanced growth mechanism. Double crystal
X-ray diffraction (DCXRD) was used to determine the crystalline quality of the MOCVD grown GaAs-on-Si buffer layer.
The as-grown layer had an FWHM of 342 arc seconds. By annealing the buffer layer an improvement in crystalline quality
was observed with the x-ray FWHM dropping to 115 arc seconds as shown in Fig. 7.
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Fig. 5. High resolution lattice imaging of the GaAs/AlGaAs interface. Measured well
thickness ~45.2 A°.

From the 77K PL spectrum of Fig. 8, a blue shift of 45-angstroms is observed for the detector structure on QaAs—on-Si
substrate in comparison to the detector structure grown on GaAs substrate. As grown films of GaAs-on-Si, ‘both by
MOCVD and MBE exhibit a red shift in their PL because of the presence of tensile strain in the film. The tensile stress
arises due to the difference in thermal expansion coefficients between the GaAs and Silicon. GaAs has a higher thermal
expansion coefficient than Silicon and thus contracts faster than Silicon upon cooling from the growth to room temperature.
To first order quantum well emission should be immune to the lattice strain since lattice strain at most can cause changes in
the band offset which should not affect the ground states significantly. Therefore the explanation obviously lies elsewhere.
Due to the island type initial growth for GaAs-on-Si, the surface morphology of the epilayer is not atomically flat and has
undulations. These undulations give rise to variations in barrier and well thickness mainly due to the growth anomaly. The
77K PL peak for the QWIP on GaAs peaks at ~7740 angstroms in comparison to 7695 angstroms for the QWIP on GaAs-on-
Si indicating a small blue shift for the detector structure grown on a GaAs-on-Si substrate.




Fig. 6. Bright-field cross-sectional TEM image illustrating the interaction between
GaAds/AlGaAs superlattices and threading dislocations.

The room temperature absorption spectra, shown in Fig. 9, were measured on a 45° polished multipass sample. The
absorption of the buffer layer and substrate, either GaAs or Silicon substrate was measured and subtracted from the first
spectrum in order to isolate the absorption of the quantum well structure. The peak absorption and the cut-off wavelengths,
defined as the long wavelength 50% response, occurred at 9.49 pm and 10.19 um respectively for the detector structure
grown on the GaAs substrate whereas similar detector structure grown on the GaAs-on-Si substrate peaks at 9.6 pm with a
broad shoulder arising mainly from the growth anomaly. The broad intersubband absorption is due to the transitions from
bound states in the wells to the continuum band above the energy barriers.
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Fig. 7. Double crystal x-ray diffraction rocking curve of GaAs-on-Si substrate.

QWIP on GaAs
| PEAK: 0.7740 ym

I 1 I

B QWIP on Si
PEAK: 0.7695 pm

INTENSITY (a.u.)

L L ! !
072 074 076 078 080 0.82
WAVELENGTH (um)

Fig. 8. Comparison of the photoluminescence responses for the
OWIP on GaAs-on-Si and QWIP on GaAs structure.

(B) DEVICE CHARACTERISTICS

The dark current measured as a function of voltage and temperature is shown in Figs. 10(a) & (b) for the quantum well
detector structures grown on GaAs and on GaAs-on-Si substrates, respectively. The detector structure grown on a GaAs-on-
Si substrate exhibits higher dark current in comparison to the detector structure grown on a GaAs substrate as shown in
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Fig. 9. Room temp intersubband absorption of QWIP on Gads and
QWIP on GaAs-on-Si structures.

Fig. 11. At low temperatures, the difference in dark current is speculated to be due to defect assisted tunneling. Both the
detectors exhibit a decrease in the dark current with decreasing temperature. Fig. 12 shows the comparison of bias
dependence of activation energy of QWIP on GaAs-on-Si versus QWIP on GaAs substrates. Nearly identical activation
energy versus bias characteristics is observed for both detectors. The decrease in the activation energy with bias is attributed
to the decrease in the effective barrier height with bias.

Fig. 13 shows the 77°K relative spectral response of the QWIP on GaAs and the QWIP on GaAs-on-Si detectors
measured at 4.0 V bias. The response curves have been scaled so that the peak position and line shape may be compared.
The QWIP on GaAs-on-Si detector has a peak response at 8.41 um, while the peak response of the QWIP on GaAs is at 8.62
um. The small blue shift (0.21 um) in the peak response of the QWIP on GaAs-on-Si detector is possibly due to the
presence of some residual strain in the lattice.

The 77°K absolute responsivity as a function of bias is shown in Fig. 14. At bias voltages of +2.5 and -2.5 V, peak
absolute responsivity of 0.53 and 0.47 A/W were measured for the QWIP on GaAs detector, while 0.47 and 0.40 A/W were
measured for the QWIP on GaAs-on-Si detector. Similar to the asymmetry in dark current versus voltage, the asymmetry in
responsivity versus voltage seen in Fig. 12 may be attributed to growth related effects.

The unity gain quantum efficiency was calculated from the absolute response. The peak quantum efficiency were 7.62%
for the QWIP on GaAs detector as compared to 6.92% for the QWIP on GaAs-on-Si detector. The resulting QWIP on the
GaAs-on-Si detector exhibits quantum efficiency comparable to a similar detector structure grown on a GaAs substrate thus
making it a contender for IR imaging systems.
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5. CONCLUSION

In conclusion, we have performed room-temperature infrared absorption, dark current-bias voltage measurements as a
function of temperature and photo response measurements for GaAs multi-QW IR detector grown on GaAs-on-Si substrates.
These results were compared to measurements performed on the same structure grown on GaAs substrate. We find that the
detector structure grown on a Silicon substrate partially relaxes as revealed by the presence of dislocations in the MWQ
lattice and exhibits a small blue shift in the response. The dark current measurements suggest that further research is needed
to achieve higher performance long wavelength photodetectors. These initial results show promise for the growth of QWIP
detectors on silicon wafers and applications for integration with silicon-based electronics. The results are promising for
applications in the important 8-12 um atmospheric window.
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